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SUMMARY

A radilal-inlet impeller based on two-dimensional-flow theory
has been investigated in a research program to establish corrslation
between flow theory end impellisr performence. The simplifying
asgumptions of an infinite number of blades and an incompressible
fluid were mede for this lmpeller design. The blade shane was
determined by imposing a predetermined vortex distribution that
was chogen to relieve the loading in the critical regions of the
impeller passage. The performence of the impeller was experimentally
obtained in a variable-component test unit in conJunction with &
vaneless diffuser of NACA design. An analysis of flow character-
igtice in the compressor, using static-pressure experimental data
and the assumption of an infinite number of blades, indicated that
the peak impeller efficiency was high and that the low over-all
efficiency could be largely attributed to losses in the vansless
diffuser. The entrance section of the Ilmpeller and the passage
in the reogion of the impeller-blade tip operated ineffectively
even at the point of peak over-all efficiency. The entrance loss,“]
which became very large at high flow, was the principal factor
determining the form of the compressor-performence curve. The
method developed for determining compressor performance from
static-pressure measurements is limited to radial-inlet-type impellers
in which flow is eseentislly two dimensional.

INTRODUCTION

One of the principal obstacles In the development of efficlent
centrifugal compressors has been the lack of a sound mathematical
basls for the design of the impeller and the analysis of impeller-
channel flow. Adverse pressure gradients are generally recognized
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a8 producing flow separation in the impeller passage, which results

in large losses. No method exists by which these adverse pressure
gradients can be predetermined and controlled under conditions of
three-dimensional flow, such as exists in ithe pasgamages of conventional
centrifugal impellers. Furthermore, the determination of actual pres-
sures existing in the passages of moldern centrifugal-type impellsrs
would require extremely difficult instrumentation, and no comprehensive
pressure surveys in such passages have been obtained.

In a research program to establish correlation between flow
theory and impeller performance, a two-dimensionsl radial-inlet
impeller wes selected as & first approach. This type of impeller
allowed a performance analysis hased on readily obtainable measure-
menta and the use of existing flow theory. Methods have besn presented
(references 1 and 2) for the study of two-dimensional flow by use of
conformal transformetion. The method of conformal transformation
presented in reference 2 can be directly apulled to impeller design
aend has the advantage of-being applicable to a wide range of design
asgumptions. This method wes used in the design of the research
impeller. )

The impeller was désigned by using the simplest concepts of two-
dimensional flow: an infinite number of~tlades and an incompressible
fluid. This procedure permitted the tentative establishment of the
limitations of the infinite-blade theory as a basis for impeller
design., The impeller-blade shape was determined by imposing a
nredetermined vortex distribution that was chosen to relieve the
loading in the critical regions of the impeller passage. This choice
of vortex distribution was arbiltrary and exporimental verification
will be required for the choice of the optlmum distribution.

The porformance of a compressor composed of the radial-inlet
impeller and & vaneless diffuser was lnvestligated using data
obtained in a variable-component twst setup. In addition to the
gtandard over-all compressor-performance ratings, the character-
istics of flow in the impeller and diffuser passages were deter-
mined. This analysis of flow, which was besed on readily avallable
static-pressure meagurements, was possible beceuse of the two-
dimensional nature of the flow through the impeller. This experl-
mental determination of performance using static-pressure data was
a valuable phase of the development program because 1t indicated
required modifications to the basic design theory. Inasmuch as
the program was essentially an impellsr investigation, the diffuser
verformence wae not sxtensively investigated.
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IMPELLER TESIGN

The design of the impeller-blade shape followed the method
suggested in reference 2 in which infinitegimal portions of the
blades are replaced by vortices that are wneriocdically distributed
on g clrcle. This vortex strength follows a prescribed dlstribu-
tion that is summed up along the radius to determine the blade
shape. This initial radlal-inlet impeller was designed to reduce
the loading in the enbtrance and exit regions of the impeller by the
choice of & semlielliptical greph of vortex distribution agailunst
radius; that is, the vortex distribution at design flow is zero at
the entrance and the discharge tip of the blade. The details of
the blade shape calculated by this method are given in appendlix A.

Based on these considerations, the 18-blade radial-inlset
impeller shown In figure 1 was constructed by the NACA. Because
the blades are nonradial at most pointe in the impellsr, they are”
subject to a blade-bending strese under the action of centrifugal
force. The blade stresses wore analytically investigated and the
blade cross section chosen wap dre that would give reasonsble
blade stresses under the impeller operating conditions.

The radisl-inlet impeller differs from conventlional impellers
in that the velocity of the air at the impeller entrance is radial.
Inasmuch as an axlial inlet plpe was used, this radial velocity was
provided by a flared section that changed the direction of flow
from an axial to a radial direction. A mock-up of the inlet sec-
tion was made to lnvestigate the velocity distribution at a
station corresponding to the entrance edges of the blades. The
veloclity varlation across this statlon over an air-~flow range
comparable wlith that encountered in compressor teats is shown in
figurs 2 in terms of V/V,,, the ratio of the local air velocity
to the average air velocity at the station. These inlet mock-up
studies indicated that the entrance velocity distribution was
satisfactory for the full range of compressor air flow.

EXPERTMENTAL SETUP

The radial-inlet lmpeller was initially investigated in a
variable-component test setup similar to the one described in
reference 3. The iwmpeller was tested with a 34-inch vaneless
diffuser of NACA deslgn that has a passage-area divergence equiv-
alent to a cone with an apex angle of 6° and lying along the ideal
logerithmic spiral flow path for design flow. This type of dif-
fuger gives a flat psrformance curve. '
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The location of standard instruments and the precisiorn of
lnstrumentation were those recommended in reference 4, except that
the inlet measuring station was 4 instead of 2 pipe dlamebters from
the impeller-inlet plane. In addition to the standard insbtruman-
tation, static-pressure taps were inetalled along the impeller
gtatlonary front shroud and the frout and rear diffuser walls. The
acocuracy of static-pressure survey readings was 10.05 inch of
mexrcury.

The Impeller was operated in accordance with the procedures of
reference 4 at actual tip speeds from B00 to 1300 feet per second.
At each speed, the flow was varied from wids-open throttls to the
incipient surge polnt of the unit, Inlet alr was inducted directly
from the test cell; the inlet-air temperature varied from 76° to
83° F during the investigation. A compressor lampblack flow pat-
tern was made at the peak efficiency polnt at an actual tip speod
of 1200 feet per sacond.

RESUITS AND DISCUSSIOW
Performance Charccteristlcs Based on Standard
Over-all Measurements

The over-all compressor characteristics (adiabatic effi-
ciency nggq; total-pressure ratlo Py, Z/Pt 1; corrected volume
flow Qg 1/4”5 and corrected %ip speed U/UJ') were calculated
accordlng to the standard procedures of references 4 and 5,
Detalls of the calculated parsmoters and the defined symbols are
glven in appendix B,

The over-all total-pressure-ratio characteristics of the
radisl-inlet impeller tested with the vaneless diffuser are shown
in figure 3 for corrected tip speeds from 782 to 1279 feetl per
second. Contour plots of adiabatic efficiency are superimposed
on the total-pressure-ratio curves. Becaude of the large losses
in the vaneleas diffuser, peak over-sll efficiencies for the com-
Plete assembly of impsller, diffuser, and collector were rather
low, varying from 0.705 at a corrected tip speed of 782 fest per
second to 0.625 at a corrected tlip speed of 1279 feet per second.
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Performanoce Characteristices Based on
Static-Pressure Measurementa

The varlation in static pressure through the impeller and the
diffuser provides an initlal indication of the location and rela-
tive magnitude of losses in the compressor. On the basls of theee
static-pressure values plus calculated kinetic-energy values, an
analysis of the flow characteristice in the compreseor may be mede.
This analysis is made for the peak-efficlency-flow point over a
range of tip speeds and for a range of flows at an gcturl tip ampesd
of 800 feet per second. Details of the method of calculating com-
bressor performance using static-pressurs data are given in
aprendix B.

Static-pressurs variation. -~ The varlation in sbtatic prsssurs
through the impellsr and the diffuser is shown in figure 4 for mex-
imum, minimum, and one intermediate air flow snd for the flow at
peek over-all efficiency at actual tip speeds of 800, 1000, and
1200 feet per second. These static-pressure profiles are shown as
a ratio of the local static pressure pg to the inlet-pipe static

PYeSsure Dy 7. For operation at other then the design flow, the

condition existing at the entrance section of the impeller is the
principal factor determing the statlc-pressure profile and the
operation of the impeller. TUnder conditions where an extreme

angle of attack exists at the entrance sdge of the impeller blade,

a loss in static pressure occurs in the region of the Impeller ’
entrance. This primary pressure loss, which 1s never recovered,
results In a secondary loss because it la multiplied by the pres-
sure ratlo through the impeller, The primary loss may be consldered
to be analogous to a pressure drop in improperly dssigned inlet
elbows oi' a supercharger installation, .

Pegk-efficiency operation. - The radial distribution of the
addition of energy was analyzed for the flow polints of psak over-
all efficiency by dstermining useful and total work of compression
by means of the static-pressure calculation method of apnendix B.
The curves of the useful work of compression based on the assump-
tion that air follows the curvature of the impeller channel Hag,c
and the total work of compression based on the sems assumption Hg
for the peak-efficiency points at actual tip speeds of 800, 1000,
and 1200 feet per second (fig. 5), which have a marked similarity
over the tip-speed range, show the rate of additlon of energy in
the system, The locatlon and the magnitude of the prinoipa} losses
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can be estimated from the relative slopes of Hy and Hgg,c. In
the impeller, the main losses occur in the entrence section and in
the region of the impeller tip. The portion of the work done in
these ineffective regions is, however, reduced because of the
reduction of loading resulting from the vortex distributlon used
in the design, '

The losses in the diffuser are large at all speeds, as indi-
cated by the drop in Hgg,c from the impeller tip to the diffuser
dischavge. No extensive study was made of the losses in the dif-
fuser because the program was basicelly an impeller investigatlon,
but a large pert of the losses apparently ococurred near the inner
radius, A lampblack flow pattern obtained at the peak-efflclency
point for a tip epeed of 1200 feet per second showed no evlidence
of separation on the diffuser suwrfaces,

The local-operating-efficiency term ﬁz, as developed in

appendix B, gives an indication of the efficlency at which each
portion of the impeller is operating. Curves of this local
operating efficiency -for the peak-efficlency points at actual tip
speeds of 800, 1000, and 1200 feet per second (fig. 6) substentiate
the conclusion that the entrance secticn of the impeller operates
ineffectively. Aeg discussed in appendix B, this low efficlency
may represent either s direct pressure loss or a partly recoverable
potential loss. In either case, however, the operation in the
entrance portion of the impeller departs appreciably from ideal
conditions, The local operating efficiency increases with radius
until in the region between the 4.5- and the 6-inch radius the
jmpeller operates at an efficiency approaching 1.00. Beyond the
6~inch radius, the efficiency falls off to a value of approxl-
mately 0.65 at the 7-inch radius. This apparent drop in effi-
ciency may be due to an undervaluastion of the kinetlc onergy,

which is poesibly the result of a separation caused by the pre-
ceding shaxp bend in the impeller passege.

The magnitude of the various losses and the effect of tip
speed on efficiencyare shown in figure 7. The calculated values
for the peak adiabatic compressor efficlency ngg,c from the
impeller entrance to the impeller tip and to the diffuser exit—are
shown with the over-all peak efficiency mngq based on the gtand-
ard analysis of references 4 snd 5. The peak impeller efficlency
is high, ranging fram 0,90 to Q.86 over the tip-speed range from
800 to 1300 feet per secend. The drop in efficiency through the
diffuser 1s large, with the drop increasing at higher tip gpeeds
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to a maximum of 20 points at 1300 feet per second. The drop in
efficiency resulting from losses in the collector and in the inlet
and outlet pipes was relatively small and the drop remained very
nearly constant throughout the speed range.

The determinetion of H, and Bag,c is dependent on the
gssumption that air follows the curveture of the channel. Although
this essumption provides a method of analyzing the flow Iin the
impeller, it results in an overvaluation of both H, and
A more precise evalugtlon of the tangential velocity of the alt at
the discharge tip and of the work of compression of the entire
impeller may be mede using the measured value of total temperature
in the outlet pilpe of the -laggmed inatallation. An adiabatic effi-
clency term Ned, 0. using these valuves of tangential air velocity
at the discharge tip and the tetal work of compression of the
impeller, may be determined by a static-pressure analysis method
similsr to that developed in appendix B for determining the energy
terms. This analysis, although it camnot be applied to stations
within the .impeller, provides a measure of compressor performance
at the impeller discharge tip. The efficiency of compresaion from
the impeller entrance to the Impeller tip determined by the static-
pressure analysis using outlet-pipe total temwperature measure-
ments. Nad, o shows cloge agreement with that determined in the

analysis 1n which air is assumsd to follow the curvature of the
channel T o (fig. 7).

Operation over flow range. - Operation of the compressor unit
over the full flow range was analyzed at a tip speed of 800 feet
per second. The variation In H, and Eﬁd ¢ for selected
operating points (including maximum and minimm flow) is shown in

figure 8.

At the 1deal flow, the relative direction of the air is
parallel to a tangent to the impeller blads at entrance. Calcula-
tions for flows greater than this vslue show an instantaneous drop
in H, sacross the blade entrance (fig. 8(a) at the meximum flow
of 4030 cu ft/min) resulting from the assumption that the alr-flow
direction changes instentansously to follow the impeller-blade
curvature. In other words, relative to the rotating impeller, the
tangential velocity of the air increases instantaneously at the
impeller entrancs, which by equation (2) in appendix B results In
a negative vaiue of Hc‘ The inlet tips of the impeller are acting
as a turbine under these conditions.
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The gtatic pressure (fig. 4(a)) and therefore the useful work
input (fig, 8(a)) drop off gradually rather than instentaneously,
however, because the air does not make the change in direction
ingtantaneously, as assumed in the calculation. This pressure
loss, which is due to the extreme angle of attack at the entrance
edge of the impeller blade, i1s essentially a throttling loss,

Tnasmuch as the assumption that air follows the ilmpeller
blades is invalid under the extreme operating conditions at the
maximum~flow point, the snalysis is useful only in Iindicating
trends at these large flows, For exemple, Hg appears to he less

than Hgq, o (an impossible condition) because the alr does not

instantansously change direction to follow the channel curvature,
The indicatef increase in Had,c in the diffuser ig probably the

result of inaccurate static~pressure readings in the turbulent
regilon of the impeller tip. The calculation at the maximum-flow
point definitely shows, however, that the pressure drop at the
impeller entrance, which is never rscovered, is the principal
determining factor of the low efficlency of the unit at high load
coefficlents. '

The ssme general characteristics are evident at the lower
flow of 3546 cubic feet per minute (fig. 8(b)), although tho meg-
nitude of the throttling action across the impeller entrance is
smaller for this flow and doos not extend aver so large & portion
of the impeller. Here again, efficlent pressure conversion begins
at a polint well wlthin the impeller, '

At the peak-efficiency polnt (fig. 5(a)), no such loss ocours
in the emtrance section of the impeller. The principal detormining
factor of the efficiency of operation of the unit therefore seems
to be the condition across the impeller entrance, The curves for
the minimum-flow of 1448 cubic feet per minute (fig. 8(c¢)} have tho
pame genersl characteristics as those for the peak-efficlency point
(fig. 5(a)), although the over-all efficlency of operation is
slightly less. R ) ' -

A plot of the characteristic efficiencles over the flow range
at an actual tip speed of 800 feet per secand is shown in figure 9.
The drop in efficlency through the diffuser is nearly constant over
the principal portion of the flow range; whereas, the drop in effi-
ciency through the pipes and in the collector increases with an
incresse in flow. The efficilency from the impeller entrance to the
impeller tip determined from a static-pressure analysis based on
total-temperature measurements in the cutlet pipe Nad,o is also
shown in figure 9, A close correlation between the two methods of
static-pressure analysis 1s again indicated.
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Hydraulic-Efficiency Characteristics

The hydraulic efficiency 1y, a8 deflned in appendix B, rep-
resents the degree to which the design condition that air followed
the impellor-channel curvatuvre was approached., The hydraulic effi- "~
ciency for the radial-inlet impeller at an actual tip speed of ~
800 feet per second (fig. 10) shows that the impeller performance
approached but did not attein the performsnce for an impeller With
an infinite number of blades. The design method based on an infi-
nite number of blades therefors was not entirely valid. No appre-
clable variation in the hydraulic efflciency over the tip-speed
range was Indicated.

The hydraulic-efiiclency characteristic for a conventional,
radial-bladed impeller ls pressnted in figure 10 for comparison
with the hydraulic efficiency of the radial-inlet Impeller. The
curves show a marked similarity in trend and magnitude and indicate
that, in the radial-inlet impeller, the deviation of the alr from
tangsncy with the impeller blade at dlscharge is comparable with
that of conventional radial-bladed impellers. —--

SUMMARY OF RESULTS

From an investigation of a compressor unlt composed of a
radial-inlet impeller and a vaneless diffuser by standard perform-
ance tests and by an analysis based on static-pressure measurements,
the following results were cbtained:

1. The over-all efficiency of the compressor was low; peak
values varied from 0.705 at a corrected tip speed of 782 feet per
second tc 0.625 at a tip speed of 1279 feet per second. This low
efficiency can be largely attributed to high losses in the 34-inch
vensless diffuser.

2. The static-presaure investigatlion for the peak-efficlency
points shows that the entrance amection of the impeller and the
passage in the region of the impeller +tip operated ineffectlively
and the gectlon of the impeller from 4.5- to 6.0-inch radius
operated at an efficlency approaching 1.00. This low operating
efiiciency in the entrance and discharge regions of the impellexr
repregents either direct pressure losses or a channel that is not
flowlng full, elther of which is detrimental to good impeller
operation. The portion of the work done in thess ineffectlve
regions is, howsver, reduced becauss of reduction of loading
resulting from the vortex distribution for this initial design.
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The impeller efficiency determined at ‘the lmpeller discharge
tip ia therefore high, ranging from 0.90 at an actual tilp speed of
800 feet per second to 0.86 at 130C feet per second.

3. Tho lmpeller has inherently critical entrance conditions,
which induce a drop in statioc and total pressure in the entrance
section of the impeller passage for flows greaber than that at the
design point., This entrance loss, which tecomes very large at the
meximum flow point, 1s never recovered and is the princirpsl dster-
mining factor of the form of the compressor performance curve,

Alrcraft Engine Research Laboratory,
Natilonal Advisory Commities for Aercnautics,
Cleveland, Ohlo, Qotober 16, 1946.
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APPENDIX A

CALCULATION OF IMPELLER-BLADE SHAPE

The impeller-blade shape is determined by the method sugzested
in reference 2, in which infinitesimal portions of the blades are
roplaced by vortices that are periodicelly distributed on a circle.
The veloclties produced by the summation of these vortices are
given by the following relations presented in reference 2 (the
notation of reference 2 has been maintained):

-

vy = %%.j : %g [1 + ;?i (%)-An cos \n (@ - 8)| dR
r .

i _ A=1
Tea = An
n ol ry ‘
g Il ;E: Gﬁ) cos M {9 - 8) dR
- Y o
- r % .
. _ _.n ol' r\~ _
PV = zﬁLi 5 (_‘1 (R) gin An (@ - 6) dR
T = n
n a3l X /r o
| a2 &) s (e-e) @
A A.=l

where
r, @ Dpolar coordinates used to describe flow

1,8 polar coordinates used to describe blade shape

VQ tangentisl component of alr velocity
n nwber of blades

ry radlus at entrance of impeller blades

r vortex strength ' : S
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R redius of circle on which vortices are distributed

Y rodius at discharge tip of impeller blades

a

vy radial component of air veloclity

A solutlon can be obtailned for an impeller with a finite number
of blades by making a summatlion of these equations for the radisl
and tangential velocitieas, With the simple hypothesis of an infi-
nite nuwber of blades, however, the radial ccmponent of velocity
vanlshes and the tangential-veloclty equatlon becomes

v o B [T
QPZﬁriaR

The relation between OI'/OR and dR 1s detormined by the assumed

vortex digtribution, For an int'inite number of blades bhe relative
path of the fluid is coincident with the blade shape and the equa-

tion of reference 1 may be expressed as

2n‘ I e wr

'barl 18‘ = ...‘.S.}..-—---m...
Vr

where

& angle of blade with respect to radlus

w angular velocity of impeller

The ahape of the impeller blade can then be found by integration:

r
p(r) - 9(wy) =j té?.& dr
ry

The blade shape calculaled by this method is shown in figure 11,

The additional assumption of an incompressible fluld and a
constant radial velocity were made for this design. The impollor-
blede height was calculated to give this constant radial velocivy
for. an incompressible flow.
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AFPFENDIX B

CALCULATION OF PERFORMANCE

Symbole

The following symbols are used in the determination of compres-
sor performance:

A

Cp

Had,c

total annular area of impeller passage at given radius,
sq Tt : -

specific heat of normgl gir at constant pressure,

Btu/(1b) (°F) (0.243)
acceleration of gravity, ft/sec? (32.174)

total work of compression determined from inlet- and outlet-
pipe measurements; increase in enthalpy per unit mass,
ft-1b/1b mass

useful work of compression determined from inlet- and outlet-
pipe measurements; isentropic increase in total enthalpy
por unit mass for given pressure rise, ft- 1b/1b mass

total work of compression based on assumption that all air

Tollows curvature of channel; Iincrease in total enthalpy
per unit mass, ft-1b/1b mass

useful work of compression based on assumption that air
follows curvature of channel; lsentropic increase in
total enthalpy per unlt mass for given pressure riso,
ft-1b/1b mass

mechanical equivalent of heat, £t-1b/Btu (778)

W
A cos B cos ¢

pressure, 1b/sq £t absolute
volume flow rate, cu ft/min

compreasor radlus, £t
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G,

Nad

Mad,c

M

Th

T

2
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absolute temperature, OR-

impeller tip speed, ft/sec

abeolute velocity of alr, ft/sec

velocity of air relative to impeller, ft/sec
wolght flow rate, 1b/sec

projected angle of meaun flow line with respect to plane
normal to axis of lmpeller rotation, deg

true angle of mean flow line with respect to plane normal
to axis, deg (tan~l cos ¢ tan «; vector diagram of vela-
tione shown in fig. 12)

ratio of specific heats for normal air (L.3947)

angle of blade with respect—to radiug, deg

over-all adiabatlc efficlency determined from inlot- and

outlet~pipe measurements

adliabatic ocompressor efficiency based on assumnbion that
alr follows curvature of channel

local operating efficlency
hydrsullc efficlency

ratio of actual inlet stapgnation temperature to standard
gea~level temperature, 518.4

density, 1b/cu it
applied torgue, ft-1b

angular velooclty of impeller, radiaps/sec

The subscripts denote the following:

1

2

condition at measuring station in inlet pilpe

condition at measuring station in outlet pipe
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3 condltion at entrance to impeller blades
a axisl camponent

r radisl componsnt

8 static, or true, stream value

t total, or stagnation, value

8 tangential component

Performance Characteristics Based on Standard
Over-all Measurements

The over-all compressor characteristics were calculated in
accordance with the sbtandard procedures of references 4 and 5.
Calculated parameters included over-all adiabatic effi-
olency ngq = Hyg/H, total-pressure ratio Py, 2/Pt s volume

flow corrected to standerd ssa-level condjtions Q% 1/yr_, and
corrected tip speed U/ v 6.

Performance Characteristics Based on
Statlc-Pressure Measurements

The determination of compressor flow characteristics was
based on static-pressure messurements. In the impeller, the
kinetic energy was calczulated from mass flow by using static-
pressure msasurements and assuming full flow in the impeller
chanmel. The efficlency of operatlon thus determined throughout
the impeller channel indicates the degree to which impeller ver-
formar.ce approachos the design condition and indicates the roglons
of the impeller that should be modified for improved bperformance.
This method of experimental analysis is limited to impellers in
which flow is essentizlly two dimensionsl,

The diffuseor flow characteristics wers dotermined 1n a& manner
slmilar to that used in the impeller, The kinetic emergy in the
dlffuser was calculated from mass flow and conservation of angular
momentum by using static-pressure measurements and assuming full
flow in the diffuser channel.
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Energy terms., - The analyseis of the performance of a radial-
inlet impeller is mede on the basis of static=pressure measurements
and. fundemental physical relations. A basic assumption, Justified
by the design assumption of an infinite mmber of blades, is medo
that flow follows the blade end fills the passage. Thes aveiage
gtate of the ailr at any point in the nystem is determined by the
front-shroud static-pressure measurements, Bermoulli's eguation foxr
comnressible flow, and the continuity equation. Altiiough the front
shroud is.a curvilinesr surface, a basic assumption of no axial
variatlon in pressure at a glvon radial station can reasonably be
adopted., :

The energy terms H, and Ead,o referred to the state point

at the impeller entranceo were dotermined for tho various compressor
gtations, by use of the preceding relations. The derivation of the
oquations for calculating these enorgy teims is as follows:

The energy at the impeller entrance 1s

Pg,3 V52

V4 S "

(7 - l) 95,3 + o8 - CIJ‘T-'-t,Z: (1)
, .

The energy added by the impeller is

wrV "
E, = T = -S—e =% {wr ~ vg) (2)

The energy st apny point in the impeller is

L gl
y -~ 1) og 28
where
V‘z = vrz + vaz + (U.)r - VS)Z

When the energy torma of oquatioms (1) and (2) arc equated
with equation (3)

P 2.2 .2
— 25 L Y
7y - 1 pg pTe,3 = T3 T TG (4)
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From continulty of flow

_ W
py A cos Beos e

N -
= e (5)

The followlng quadratic expression in terms of pg 18 evolved
by combining eguations (4) and (5):

2..2 ¥P 2
afwXr’ 8 Wk
Py < 5g * CpJTt,s) - fy Ty“-_‘ﬂ] 5g = O (6)

After equation (6) is asolved for Pg, and v 18 determined
from equation (5)

Vg =V 8in B

v sln € cos B

Ve
Vp = ¥ cos € cos B

The total pressure i1s then determined from the relation

Pt Py VE
G Te "7 Do, * % @

By the adlabatic relation,

2
Pt = Ps(i?')y (8)
8
and, when substituted in equation (7), equatian (8) gives
71
D, = Dg (Z—;ml- %{23' %S + 1.o> o (9)

The useful work input to the air Héd,c is calculated as the
isentropic increase in total enthalpy per pound of air



18 NAGA TN No. 1714

=

Py \7

7,3 )

The total work input per pound of air, when no prerctatlion of the
alr ig assumed, is given by equation (2).

In a similar manner, the value of B3, &t any point in the
diffuser pissage can be determined, The toéal work input H; at
any point in the diffuser is taken as that at the impeller tip.

Adiebatic compressor efficiency. - The adlabatic compressox
efficiency nad,c vwas determined by using caleculated encrgy values.

This term 1s the ratio of the useful work to the total work input,
with the chenge of state measured from the impeller entrance to tho
particular compressor statlon:

_ a0
Mad,c H,

Local operating efficlency in impeller. - In order to obtain an
indicatlon of the efficiency at whilck each portion of the impeller
was operating and to locate the scurces of losses in the impellex,
the local operating efficiency My was expressed as

L
dr "ad,c
M3 =7¢
ar He
Thls local~efficilency parametsr is the ratioc of the rate of addition
of useful work to the rate of work input. This parameter was deter-
mined by graphical methods from the values of He and Hna, e cal-

culated by equations (2) and (10), respectively.

As a result of the assumption of full channel flow, however,
regions of low local efficiency may not necessasrlly mean direct
losses in total pressure; that is, in the event that the channsl
does not flow full and that a small region of high velocity oxists
in the Impeller passage, the calculated kinetic energy and thore-
fore the efficiency will be lower than the actual value, even
though no real loss in total energy at the point of measuroment
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necessarily occurs. Subsequent losses (potential losses) occur,
however, in the conversion of this exfra kinetic energy to pressgure
because of the resulting turbulerice in the stream; thersfore, even
though low local efficisencies may mean either direct losses or
potential losses in energy, they indicate the region of and the
spproximste magnitude of the departure from design performance.

Hydraulic Efficiency

The hydraulic efficlency n for the impeller was defined as
the ratio of the actual work input to the work input that would
exigt under the design assumptions of full channel flow and that
the air followed the curvature of the chanmel B

i
"=

Thie term is comparsble with the slip factor of a conventional _ -
radial-bladed impeller but takes into account the backward slope

of the blades at the discharge tip., Hydraulic efficiency repre-

sents the degree to which the design condition that alr followed

the impeller-channel curvsture was spproached.
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Figure 2. - Velocity profile across impeiier-blade entrance section
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Figure 3. - Over-all total-pressure-ratio characteristics of radial-iniet lmpeiler
and vaneless di ffuser.
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Figure 4. = Distribution of static-pressure ratio along radius of radial-inlet impeller
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Figure 7. — Peak adiabatic compressor efficiency based on standard and static-pressure
analyses for radiai-iniet impefler and vanefess diffuser.



NACA TN No. 1214

# i -
. 24,000
NAT IONAL ADVISORY
COMMITTEE FOR AERONAUTICS
- 16,000
© : F(
c .
8,000} F(
/J
0 © Hag | seful rk -
: , useful wo
/;‘ =} H:?'c total work
i 11
g gg:deer Di ffussr
-8,000 L
(a) Maximum flow, Qt 1/V%, 4030 cubic feet per minute. - T -
24,000
¥ ﬂ i
e
& D,EF
v < 16,000 rr —
T /
- f
'g 8,000
g 7
(b) Qt'ijJ3.3546 cubic feet per minute.
24,000
16,000 <;>“‘1=-_
8, -
2 4 (] 8 10 12 14 i6 | ie
Compressor radius, in.
“ (¢) Minimum flon.ot'lﬁlﬁ} 1448 cubic feet per minute.

Figure 8. - Distribution of useful work H and total work H. of compression alon
radius ofdradiai-lniet fmpelier ang vanefgég di ffuser at'actuaf tip spegd of 800 feeg
per second. .



1214

NACA TN No.

9

Fig.

661

‘puodes Jad 333, (008 O Peads di} JeNIOR uR IV JBSNLI|P SSITOURA PUR 48T jodw] 9T ul
~jeipes 10y sasAjrue 34nssasd-D13RIS PUR piepuURIS U0 PISPg ADUBID(48 D11BQRIpY ~ °§ 2unbi4

ujw/is :uabs\«.po.;oqw BWNJOA Pa1o8110)

00ay 000¥ 006¢

000% 0042 0002 005§

0007
0

djy 19j|9dw) o3 @8duesIUe

Jagyadwi ‘sunjesadwey je3oy adid-jej
~3n0 uoO paseq sisAyeue sunssaad-o)1e1s
' 311x9 Jasny

-3 iP 0} dduv.us sayyedui ‘jauveyd 4o
84NIRAIND SMOTTO4 Jte jey} uogjduns
~Se U0 paseq sisAjeue aunssesd-o|jels
din

Jajjedu} 03 aduwsjua Jajjadw! ‘jauueyd
30 9aN3vAIND SMOTTO) Ji® jeyl uogyduns
~§® U0 peseq sisAJeue sunssasd-oy3e3s
dsuewso4u8d

J0ss04dwod jye-43A0 ‘s)sfjeue paepueys

O.vﬂr

2'pey,

2‘pwy,

pey,

o

o)

/Jornﬂoﬂuﬁ.onkﬂb\

S LNYNOY¥IY ¥04 IILLIWAOD
AHOSIAQY TYNOI LVN

o’

o.vi

09°

PPy “fouey21;338 d13eqe)py

08°

00°%



10

Fig.

1214

NACA TN. No.

dj3 penjyoe ue e u13jtadwi [BUOIIUBAUOD pue saffadw) 3afut-[elpes 4o

viw/y g :u.uwxxd.uo.zoﬁv oE=~d> Pa122.440)

*puodas Jad 12334 008 40 peads

0006 000¥ 000¢ 0002 0001
08°
49119d
—wy pepejq-jeipes Jeuoijusaauvo) 0O
4arjadwy 1ajur-TeIPRs YOVYN O
o./
I_//JWH - 06
B ~0—_
/[
-,'!
/6
0071
S INYNOYIY ¥Od4 IILLINNOD
AHOSIAQY TYNOI LVN
n » v -»

£oud 129448 D1 IN@UpAY — 01 unbig

$49 Oneuphy

Y “Louain



Flg. I} _ ~ NACA TN No. 1214

4.0
.E' \
o 4.5 ;
™
2
. 5.0
]
[ ™
L \
S 5.5
; \
Q.
E

30°

! 259
20°

159
50 10° i
(¢ ]
0 NAT (ONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Figure 11. - Blade shape of radial-iniet impeller.,
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Vector diagram of angular relations in impeller






